ABSTRACT This paper mainly discusses an adaptive fuzzy sliding mode control problem for a microgyroscope system via a global fast terminal sliding mode approach. The fabrication imperfections, the time varying system parameters, and the external disturbances are taken into consideration synchronously, and the corresponding dynamic model is established. A global fast terminal sliding mode control scheme is designed to guarantee that the system can reach the sliding surface and converge to equilibrium point in a shorter finite time from any initial state surface. Furthermore, an adaptive fuzzy control is introduced to approximate the model uncertainties and external disturbances. The chattering caused by the sliding mode control is weakened as well. Both the stability analysis and the tracking performance of the gyroscope system are proved by the Lyapunov stability theory. The effectiveness of the invoked control schemes for microgyroscope system is illustrated through the simulation results.
I. INTRODUCTION
Gyroscopes play an important role in navigation, platform stabilization, homing and traffic etc. since they are inertial devices for measuring angular velocity. However, in the case of fabrication imperfections, time varying system parameters and external disturbances, the performance of the microgyroscopes is deteriorated severely. For many years, a large number of scholars have been working on the issues, namely how to ensure the stability of the nonlinear systems and improve the required performances. So far, many achievements on the control of microgyroscopes system have been obtained such as robust adaptive control [1] , T-S fuzzy tracking control method [2] , sliding mode approaches [3] , [4] , and so on. A hybrid adaptive fuzzy control assisted by state observer was proposed to maintain the closed-loop stability of nonlinear multiple-input multiple-output(MIMO) systems in [5] . Wu et al. [6] , [7] established a novel adaptive tracking control scheme with fuzzy logic systems to approximate a nonlinear function for uncertain nonaffine nonlinear systems with dead-zone inputs and non-symmetric dead-zone nonlinearities respectively. To tackle the problem of nonaffine stochastic nonlinear systems without lower triangular form, Wang et al. [8] proposed the adaptive fuzzy tracking control which ensures that all the signals in the closed-loop system are bounded. In [9] , an adaptive fuzzy state observer using a backstepping control design is proposed for a class of MIMO uncertain nonlinear systems to solve the problem of system identification and unknown control directions. A novel adaptive fuzzy tracking controller is constructed via strict-feedback and a nonstrict-feedback structure respectively for a class of uncertain of single-input/single-output nonlinear systems and stochastic nonlinear time-delay systems respectively in [10] and [11] . Both of them guarantees that all signals in the closed-loop system are semiglobally uniformly ultimately bounded and tracking errors converge to a small neighborhood of the reference signals. An adaptive RBF neural network control scheme and an adaptive fuzzy sliding mode controller are designed to improve the performance of the microgyroscope in [12] and [13] respectively. Meng et al. [14] also investigated the adaptive neural network approach which utilized a combination of a low-pass filter and state transformation for high-order nonaffine nonlinear systems with completely unknown dynamics in which all the signals are proved semiglobally uniformly ultimately bounded.
As we know, system nonlinearities are inevitable in practical engineering design and require the controller to be adaptive or robust to model uncertainties and external disturbances. Sliding mode control usually called variable structure control which can deal with nonlinearity flexibly and purposely is widely applied to system control design. Fei et al. [15] presented a comparison study between the adaptive control and the adaptive sliding mode control in aspect of algorithm derivation and stability analysis for the microgyroscope. Hušek P. [16] proposed a continuous sliding mode control with moving sliding surface to guarantee that the nonlinear systems trajectory tracks the reference trajectory completely. Tong et al. [17] gave the design method of integral sliding mode control for simple hydraulic looper systems without considering the disturbance. A decoupled sliding mode control with adaptive fuzzy tuner was invoked in allusion to mismatched uncertainties in underactuated systems [18] .
The basic idea of the SMC is to change its structure on purpose, thus forcing the system to follow the predetermined state trajectory. However the conventional SMC guarantees only asymptotic convergence, which is infinite time. In order to solve the problem of globally asymptotic stabilization, Nekoukar and Erfanian [19] proposed an adaptive fuzzy continuous nonsingular terminal sliding mode control scheme which ensured the stability of the nonlinear systems and made the tracking error converge to zero in finite time. Saif et al. [20] invoked a terminal sliding mode observer as well as a robust control to improve the performance of the microgyroscope with coupling and inherent model uncertainties. However, there still exits some problems in the sliding mode control, the most prominent is the chattering caused by the discontinuous switching characteristics. Gradually, fuzzy concept is introduced into sliding mode control since it allows to tune its parameters to get faster response with reduced chattering. In the case of mismatched time-varying uncertainties, a fuzzy terminal sliding mode control method for linear systems was developed by Tao et al. [21] . An innovationguaranteed cost sliding mode control method is developed for looper and tension systems in the presence of unknown nonlinear disturbance in [22] . Yu et al. [23] made efforts in the study of rigid robot by presenting a continuous TSMC which guaranteed that the system converge to the equilibrium along the terminal sliding mode within a short finite time under the condition of external disturbances. Meng et al. presented a novel power control strategy for variable-speed wind turbines equipped with doubly fed induction generators which used the continuous hyperbolic tangent function as the sign function to reduce the chattering in [24] . Further more, to avoid encountering the problem of singularity, Lin investigated a controller combining an adaptive nonsingular terminal sliding mode control with fuzzy wavelet networks in [25] .
In this work, we adopt adaptive fuzzy global fast terminal sliding mode control strategy for the trajectory tracking control of microgyroscopes. The main contributions of this paper can be summarized as follows:
1) A global fast terminal sliding mode controller is proposed which ensures that the system state variables can reach the fast terminal sliding manifolds within a desired finite time and the tracking error converge to the equilibrium in a finite time by choosing the adequate parameters of the sliding modes.
2) The fuzzy system with appropriate adaptive laws is introduced based on the global fast terminal sliding mode which approximates the model uncertainties and external disturbances so as to simplify the system model and weaken chattering greatly. This paper is organized as follows. Section II describes the dynamics of microgyroscope. In section III and section IV the structure of adaptive fuzzy global fast terminal sliding mode controller is proposed and a stability analysis is demonstrated. Two comparative simulation results are presented in section V and finally the paper ends with conclusion. 
II. DYNAMICS OF MICROGYROSCOPE
In general, a typical microgyroscope consists of a proof mass suspended by spring beams, sensing mechanisms and electrostatic actuation for forcing an oscillatory motion and velocity of the proof mass and sensing the position. In a z-axis microgyroscope, by supposing the stifness of spring in z direction is much larger than that in x and y directions, motion of proof mass is constrained to only along the x − y plane as shown in Fig.1 . It is assumed that the measured angular velocity is almost constant over a long enough time interval, the dynamics of the gyroscope become
where m is the mass of proof mass, x and y are the coordinates of the proof mass with respect to the gyro frame in a Cartesian coordinate system, d x,y and k x,y are damping and spring coefficients terms respectively, x,y,z are the angular rate components along each axis, and u x,y are the control forces in x and y directions. The last two terms in Eq. (1), 2m zẏ and 2m zẋ are the Coriolis forces and are used to reconstruct the unknown input angular rate z which is the only factor to cause a dynamic coupling between x-and y-axes with the assumption x ≈ y ≈ 0. Considering fabrication imperfections, which cause extra coupling between x and y axes, the dynamics for a z-axis microgyroscope is expressed as:
In Eq. (2), d xx and d yy are damping terms; k xx and k yy are spring coefficients terms; d xy and k xy are coupled damping and spring terms, respectively. The proof mass can be obtained exactly. Dividing Eq. (2) by m, q 0 and ω 0 which are a reference mass, length and natural resonance frequency, respectively, we havë
where
The vector form of microgyroscope dynamics can be established asq
III. GLOBAL FAST TERMINAL SLIDING MODE CONTROL
The sliding mode control will not be affected by the parameter variation and external disturbance and won't require the system to have the ability of online identification if we select the parameter appropriately. In conventional sliding mode control, linear hyper planes are usually selected so that the state tracking error cannot converge to zero in any case. As a result, some scholars put forward a terminal sliding mode control strategy which introduces the nonlinear function in the design of the sliding hyper plane. Further more, in order to solve the problem in conventional fast terminal sliding mode control that the convergence speed of the nonlinear sliding mode is slower than that of the linear hyper plane, when the system state is close to the equilibrium state, a new global fast terminal sliding mode control scheme has been invoked. Taking into account the system with parametric uncertainties and external disturbances, the dynamics of microgyroscope (5) is described as
Eq. (7) can be rewritten in general form as
is an uncertain extraneous disturbance which satisfies |d (t)| ≤ L, L is the upper bound of the lumped uncertainty and disturbance.
The reference models are selected at the given different frequency and amplitude:
Then, the reference model can be written in the form of:
A. SLIDING SURFACE DESIGN
In the design of terminal sliding mode control, there are two steps we have to do: first is to determine the sliding surface and the second is to design the control law. Now let us define the tracking error as e = q m − q, where q m is the reference trajectory. Then the first-order fast terminal sliding surface can be defined as
where α and β are the sliding mode surface constants, p 1 and p 2 are positive odd integers which satisfy p 1 > p 2 .
When the sliding mode reaches s = 0, the system dynamics is expressed by the following differential equation
There exists an equilibrium point at e (t s ) = 0 which is called globally finite time stable attractor in dynamic Eq. (12) . Through setting suitable parameters: α, β, p 1 , p 2 , the convergence time of the system from any given initial condition q (0) = 0 to this attractor is finite time
In the next section, we will design the corresponding controller to verify its implementation.
B. CONTROLLER DESIGN
If the state trajectory of system (8) lies in the sliding surface, that is to say s =ṡ = 0, substituting (8) into (12) we can obtaiṅ
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Ignoring the uncertainties and external disturbances d(t) , the equivalent control is given by
If considering the uncertainties and external disturbances, the control law is described as
then substituting (16) into (14) generates:
The switching control term u sw = Lsgn(s) is a robust term which is used to overcome disturbances so that the sliding mode reaching condition (18) can be satisfied all the time. But the control law requires that L should be known in advance. Faster convergence rates can be obtained by adjusting the parameters α and β, but instead, the sliding gain L will be increased, which may lead to serious chattering phenomenon in the sliding surface so as to destroy the system performance gravely. In order to overcome this problem, a fuzzy control combining with global fast terminal sliding mode control is introduced in the next part. Remark 1: Since the switching function sgn used in (17) makes the control input discontinuous, there exists chattering in the global fast terminal sliding mode control signals. In order to reduce the chattering, the adaptive fuzzy control is introduced into the global fast terminal sliding mode control. The fuzzy systems with suitable adaptive laws are used to approximate the switching function which weakens the chattering. Therefore, the controller (16) is improved as follows.
IV. ADAPTIVE FUZZY GLOBAL FAST TERMINAL SLIDING MODE CONTROL
In allusion to the fact that system functions f and external disturbance d (t) are unknown in actual systems which make the control law (16) difficult to be implemented, a fuzzy logic system is used to approximate the nonlinear and unknown functions f and d (t). The architecture of the proposed adaptive fuzzy global fast terminal sliding mode controller is shown in Fig. 2 . Based on the universal approximation theorem, fuzzy logic systems are used to approximate the nonlinear vector functions f (x, t) and L sgn (s) in (16) . Letf (x, t) andĥ (s) be the fuzzy approximation of the vector functions f (x, t) and L sgn (s) respectively. As a result, (16) can be written in the form of
Assumingĥ s|θ * h = Lsgn (s), then we define the optimal parameters of fuzzy system as (23) where f and h are the collections of parameter θ f and θ h respectively.
Define the minimum approximation error as
which satisfies |ω| ≤ ω max , where ω max is the upper bound of the approximation error. Substituting (19) and (24) into (14), the dynamic of sliding surface is obtained as follows:
where, r 1 , r 2 are positive constant. Differentiating (26) with respect to time and substituting (25) into the derivative of (26), we can obtaiṅ
Becauseθ T fθ f andθ T hθ h are both scalar, sõ
To makeV ≤ 0, we choose the adaptive laws aṡ
Then (27) becomesV
Based on Lyapunov's second method,V becomes negative semi-definite, namely, what controller we have designed can really ensure the globally asymptotic stability of the system. In addition, this method not only weakens the chattering but also simplifies the model requirements.
Theorem 1: It can be seen obviously that the system tracking error can converge to zero in finite time when the control law (19) , with the sliding mode face (11) and the adaptive law (28) is applied to the nonlinear uncertain system defined by (7).
V. SIMULATION RESULTS
In order to verify the effectiveness of the proposed adaptive fuzzy global fast terminal sliding mode control method in the aforementioned section, the numerical simulation experiment is carried out by using the Matlab/Simulink. The selected parameters of the microgyroscope are as follows: Since the general displacement range of the microgyroscope in each axis is sub-micrometer level, it is reasonable to choose 1 µm as the reference length q 0 . Considering the usual operating frequency of the microgyroscope, the characteristic frequency is chosen as ω 0 = 1KHz. The assumed unknown angular velocity is z = 100rad/s. Then, the nondimensional values of the microgyroscope parameters can be obtained: Firstly, we define five fuzzy membership functions for ξ (x i ), they are
And the membership functions of the fuzzy variable s are chosen as:
We choose the initial state condition as X 0 = 0 0 0 0 , the selected sliding surface parameters are p 1 = 5, p 2 = 3, α = 25, β = 5, the parameters of adaptive laws are r 1 = 50, r 2 = 35000. And in global fast terminal sliding mode control law (16) , the fixed gain is selected as L = 50.
A. GLOBAL FAST TERMINAL SLIDING MODE CONTROL
The corresponding simulation results are shown in Fig.3-6 . Fig.3-4 shows the position tracking and position tracking error of x-axis and y-axis respectively. It can be seen that the tracking errors are convergent, therefore, almost completely tracking results are achieved. The Fig.5 presents the convergence of the sliding surface, in which we can see that the sliding surface converge to zero asymptotically in a very short time, that is to say the system reaches the sliding surface and slides along it. Fig.6 describes the control inputs, obviously, undesirable chattering phenomena are severe due to the inappropriate selection of fixed gain L. 
B. ADAPTIVE FUZZY GLOBAL FAST TERMINAL SLIDING MODE CONTROL
Excellent tracking performance without chattering has been achieved through the proposed indirect adaptive fuzzy global fast terminal sliding mode control strategy which can be seen from Fig.7-10 . Fig 7 and 8 depict the position tracking and tracking error respectively. It is intuitive to see that the trajectories of the microgyroscope completely track the desired reference trajectories, making the system tracking error converge to zero within a very short finite time. Fig. 9 describes the convergence of the global fast terminal sliding mode surface s. It is evident that the sliding mode surface is very smooth and converges to zero adequately. The indirect adaptive fuzzy global fast terminal sliding mode control has solved the problem of chattering compared with the global fast terminal sliding mode control with the fixed gain L which can be seen from Fig.10 . According to the above simulation results, global fast terminal sliding mode control combined with the adaptive fuzzy control method can cope with the tracking control problem effectively for a class of uncertain systems with external disturbances.
VI. CONCLUSION
An adaptive fuzzy global fast terminal sliding mode controller has been investigated and implemented to deal with the tracking control problems of microgyroscope system without knowing the model knowledge in prior. The selected sliding mode not only introduces the terminal attractor, but also preserves the rapidity of the linear sliding mode when approaching the equilibrium state, so that finite-time convergence of tracking errors and high precision tracking performance can be ensured using Lyapunov stability theorem. In order to reduce the chattering, the fuzzy systems with suitable adaptive laws are used to approximate uncertainties including the unknown nonlinear functions and the unknown time-varying external disturbances. Experimental results demonstrate the effectiveness of the proposed approach.
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